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Damagedandsuperfluousmitochondria are removed
from the cell by selective autophagy, a process
termedmitophagy. This serves tomaintain the proper
quantity and quality of the organelle. Mitophagy is
executed by an evolutionarily conserved pathway,
many components of which were first discovered
and characterized in yeast. In a systematic screen
of a yeast deletion collection, we identified ERMES,
a complex connecting mitochondria and the endo-
plasmic reticulum (ER), as an important factor
contributing to the selective degradation of mito-
chondria. We show that efficient mitophagy depends
on mitochondrial ER tethering. ERMES colocalizes
with sites of mitophagosome biogenesis and affects
the formation of the isolation membrane that engulfs
the organelles destined for degradation. These re-
sults provide insights into the cellular mechanisms
that govern organelle homeostasis.
INTRODUCTION
Autophagy is a degradative process that has fundamental roles
in homeostasis of eukaryotic cells. Cellular components, such as
the cytosol, organelles, and protein aggregates, are engulfed by
a double-membrane structure known as the isolation membrane
(also termed phagophore). Its edges seal to form the mature au-
tophagosome and thereby sequester its cargo from the cytosol.
Finally, the autophagosome fuses with the lysosome or vacuole
to allow degradation of its content. The autophagic pathway is
executed by conserved autophagy-related (Atg) proteins, over
30 of which are known to date (Levine and Klionsky, 2004;
Mizushima et al., 2011). Mitophagy is the selective autophagic
elimination of mitochondria, the cell’s energy-transducing
organelles. It serves several physiological functions, including
cell developmental processes such as maturation of eryth-
rocytes or cell survival in situations where accumulation of
damaged mitochondria causes cell death. Dysfunctions are
associated with neurodegenerative diseases, including Parkin-
son’s disease (Youle and Narendra, 2011).
Budding yeast Saccharomyces cerevisiae is a valuable model
organism to identify and functionally characterize the molecular
components constituting the core machinery of mitophagy
(Kanki et al., 2011). Nutrient depletion and/or mitochondrial
damage activates a signaling pathway that results in the phos-450 Developmental Cell 28, 450–458, February 24, 2014 ª2014 Elsevphorylation of Atg32, a mitophagy-specific component that
does not participate in bulk autophagy or other forms of selective
autophagy (Kanki et al., 2009b, 2013; Okamoto et al., 2009).
Atg32 is thought to act as a mitochondrial receptor by binding
Atg11, which then recruits mitochondria to the phagophore as-
sembly site (PAS). The subsequent steps are mediated by the
core machinery of general autophagy. Atg8 promotes expansion
of the phagophore and formation of the autophagosome, which
then fuses with the vacuole (Reggiori and Klionsky, 2013).
It is currently not completely understood how individual mito-
chondria are selected from the mitochondrial network for degra-
dation and whether additional factors are required to determine
the site of mitophagosome biogenesis and growth of the isola-
tion membrane (which has to encapsulate a rather large cargo).
By screening a collection of respiratory-deficient yeast mutants,
we found that mutants lacking components of the endo-
plasmic reticulum mitochondria encounter structure (ERMES)
have strongly reduced rates of mitophagy. ERMES connects
mitochondria with the ER and is thought to facilitate interorganel-
lar phospholipid exchange (Kornmann et al., 2009). We show
that mitochondrial ER tethering is important for mitophagy and
that ERMES contributes to mitophagy at the step of isolation
membrane formation.
RESULTS
Mitochondrial ER Contacts Contribute to Mitophagy
Two previous studies took advantage of the yeast deletion library
to perform large-scale screens for mutants with defective
mitophagy and succeeded in the identification of Atg32 (Kanki
et al., 2009a; Okamoto et al., 2009). However, these approaches
induced mitophagy upon growth on nonfermentable carbon
sources and therefore missed all respiratory-deficient mutants
that could not grow under these conditions.We developed a pro-
tocol that allows growth of yeast cells on fermentable carbon
sources, induction of mitophagy by starvation, and visual
screening using the biosensor Rosella fused to a mitochondrial
targeting sequence (mtRosella). Rosella consists of a pH-sensi-
tive GFP fused to red fluorescent protein (RFP). Under normal
conditions, the green and red signals overlap in mitochondria,
whereas upon mitophagy mtRosella is transferred to the vacuole
where the green signal is lost due to the acidic pH (Rosado
et al., 2008) (Figure S1A available online). Upon starvation, we
observed about 50% mitophagy-positive cells in the wild-type
(WT) (Figure 1A). Screening of a collection of 381 respiratory-
deficient mutants (Merz and Westermann, 2009) revealed 39
strains that reproducibly exhibited strongly reduced mitophagy
(<20% of mitophagy-positive cells) and 54 strains with stronglyier Inc.
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Role of ERMES in Mitophagyinduced mitophagy (>80%) (Figure 1A; Table S1). A rho0 control
strain lacking mitochondrial DNA confirmed that respiratory defi-
ciency alone did not result in altered mitophagy (Figure S1A).
Strikingly, all mutants lacking ERMES subunits, Dmdm10,
Dmdm12, Dmdm34, and Dmmm1, showed severe mitophagy
defects (Figure 1A). This phenotype was confirmed using the
visual assay and by assaying free GFP that is released from
mtRosella upon degradation of mitochondria in the vacuole (Fig-
ures 1B–1D). The phenotype could be complemented by trans-
formation of the deleted genes back into themutants, confirming
that it is specific for the gene deletions (Figure S1B). In contrast,
other mutants defective in mitochondrial morphology or outer
membrane biogenesis, such as Dmdm33 and Dsam37, showed
WT-like mitophagy rates (Figure S1C), suggesting that these
processes do not affect mitophagy per se.
Mutants lacking ERMES subunits show multiple defects, the
most prominent of which is the presence of aberrant, swollen
mitochondria. We considered the possibility that mitophagy is
reduced in ERMESmutants because their aberrant mitochondria
might be too big to be engulfed by the isolationmembrane. Thus,
we asked whether the observedmitophagy defects were caused
by the loss of mitochondrial-ER contacts or by other defects
associated with the gene deletions. It was recently reported
that overexpression of MCP1 and MCP2 in ERMES mutants re-
stores WT-like mitochondrial morphology, stability of respiratory
chain complexes, and defective mitochondrial lipid composition
(Tan et al., 2013). We confirmed the complementation of mito-
chondrial morphology (Figure 1E; Figure S1D) and observed
thatMCP1 andMCP2 overexpression does not affect mitophagy
(Figure 1F; Figure S1D). This indicates that the mitophagy
defects are not due to the presence of giant mitochondria in
ERMES mutants. Furthermore, marker proteins of several
mitochondrial subcompartments were present at WT levels in
ERMES mutants (Figure S1E), suggesting that mitophagy
defects are not a consequence of altered mitochondrial mass.
Next, we expressed a synthetic mitochondrial-ER tether in
ERMES mutants. This construct, chiMERA, consists of GFP
fused to mitochondrial and ER membrane anchors and restores
mitochondrial-ER contacts in ERMES mutants (Kornmann
et al., 2009). Expression of chiMERA led to a slight reduction
of mitophagy in WT cells. In contrast, chiMERA significantly
increased the fraction of mitophagy-positive cells when ex-
pressed in Dmdm10, Dmdm34, or Dmmm1 (Figure 1G). This
result indicates that loss ofmitochondrial-ER tethering is respon-
sible for mitophagy defects in ERMES mutants. Mitophagy was
only slightly improved by chiMERA in Dmdm12, although
chiMERA was properly expressed and localized (Figures
S1F–S1H). This effect was reproducible (Figure S1I) and might
suggest that Mdm12 has an additional function in this process.
In sum, our results indicate that ERMES promotes mitophagy
by tethering mitochondria to the ER.
ERMES Is Specifically Required for Mitophagy Rather
Than Nonselective Autophagy
Presumably, membrane material from both the ER and mito-
chondria is required to generate the isolation membrane in gen-
eral autophagy (Tooze andYoshimori, 2010). Consistent with this
assumption, it was recently reported that autophagosomes form
at ER-mitochondria contact sites in mammalian cells (HamasakiDevelopmet al., 2013). We considered the possibility that tethering of mito-
chondria to the ER by ERMES is required in a similar way in yeast
to provide membrane material for autophagosome formation in
general. If this were the case, it could be expected that all auto-
phagic pathways are affected in ERMES mutants. To test this,
we measured bulk autophagic flux by monitoring GFP-Atg8
(Klionsky et al., 2012) in ERMES mutants. We observed by fluo-
rescence microscopy that GFP-Atg8, which is cytosolic under
normal conditions, is efficiently delivered to the vacuole under
starvation conditions in ERMES mutants and in Datg32, but not
in Datg1, a mutant defective in bulk autophagy (Figure 2A). A
very similar result was obtained when free GFP released from
GFP-Atg8 in the vacuole was assayed by western blotting (Fig-
ure 2B) or when cytosolic Rosella was used as a substrate for
autophagy (Figure 2C). Next, we tested the requirement of
ERMES in the cytoplasm to vacuole targeting (Cvt) pathway, a
form of selective autophagy not related to mitochondrial degra-
dation. In this pathway, the precursor form of aminopeptidase 1,
Ape1, is enclosed by an autophagic vesicle and delivered to the
vacuole where it is matured by cleavage of its propeptide (Klion-
sky et al., 2012).Western blots of cell extracts revealed that Ape1
processing was blocked in Datg1, but not affected in ERMES
mutants (Figure 2D). These observations demonstrate that bulk
autophagy and the Cvt pathway can operate in the absence of
ERMES and thus suggest that the involvement of ERMES in
autophagy is specific for mitophagy.
ERMES Colocalizes with Sites of Mitophagosome
Biogenesis
GFP fusions of the ERMES subunit Mmm1 are found in about five
to eight punctate structures per cell (Hobbs et al., 2001). To test
whether some of these punctae colocalize with autophago-
somes,wecoexpressedGFP-Atg8withMmm1-ERFP.After star-
vation for 1 hr, more than 40% of the cells showed patches with
overlapping fluorescence signals, indicating that ERMES is pre-
sent at sites of autophagosome formation. In about 75% of cells,
we could observe Mmm1 punctae at cup-shaped nascent isola-
tion membranes or circular fully closed autophagosomes (Fig-
ures 3A and 3B). Intriguingly, Mmm1-ERFP was always localized
at the isolation membrane edge distal to the vacuole (Figure 3C).
Colocalization was also observed with the mitophagy-specific
marker GFP-Atg32 (Figure 3D). Consistent with an ERMES-
dependent generation of mitophagosomes, we detected ERF-
P-Atg32 punctae at the ER visualized by GFP-HDEL (Figure 3E).
Thebimolecular fluorescencecomplementation (BiFC) assaycan
be used to detect protein-protein interactions in living cells. The
two halves of a split yellow fluorescent protein (YFP) are fused
with two putative interaction partners, and fluorescence is
restored only when the fluorophore fragments are brought into
close proximity by physical interaction of the chimeras (Skarp
et al., 2008).Weobserved a specificBiFC signal for an interaction
of Mmm1with Atg8 (Figure 3F), but not with Atg32 or Atg11 (data
not shown). As expected, the BiFC signal was associated with
mitochondria (Figure 3G). We could not coimmunoprecipitate
Mmm1with Atg8, suggesting that the interaction might be rather
unstable or transient (data not shown). In sum, our observations
indicate proximity between Mmm1 and Atg8, suggesting that
mitophagosomes originate at ER-mitochondria contact sites
marked by ERMES.ental Cell 28, 450–458, February 24, 2014 ª2014 Elsevier Inc. 451
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Figure 1. Role of ERMES in Mitophagy
(A) Respiratory-deficient mutants (pet library) expressing mtRosella were grown in deep-well plates and starved for 2 days, and mitophagy-positive cells were
scored by quantifying red fluorescence in the vacuole. Values are mean percentages of at least two independent experiments with at least 100 cells per strain.
Mitophagy rates of WT (orange; SD in light orange) and ERMES mutants (red arrows) are highlighted.
(B) Strains expressing mtRosella were starved for 1 day. Cells were scored for mitophagy as in (A) before (d0) and after 1 day of starvation (d1).
(C) Representative images of cells from (B) after 1 day of starvation. DIC, differential interference microscopy; pHluorin, pH-sensitive GFP. Scale bars
represent 5 mm.
(legend continued on next page)
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Figure 2. Bulk Autophagy and the Cvt Pathway Are Normal in ERMES Mutants
(A) Localization of GFP-Atg8 expressed from the endogenous promoter was analyzed by fluorescence microscopy during logarithmic growth (growth) and after
5 hr of starvation. Scale bar represents 5 mm.
(B) Strains expressing GFP-Atg8 from its endogenous promoter were starved for the indicated time periods. Cell lysates were subjected to western blotting with
antibodies against GFP or hexokinase (Hxk) as a loading control.
(C) Cells expressing cytosolic Rosella (cytRosella) were starved for 1 day and subjected to western blotting with anti-GFP antibodies.
(D) Strains were cultured in glucose-containing rich medium (YPD) to stationary phase, and cell lysates were subjected to western blotting with anti-Ape1
antibodies. The asterisk marks a cross-reaction of the antibody. prApe1, premature Ape1; mApe1, mature Ape1.
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Role of ERMES in MitophagyERMES Promotes Formation of the Isolation Membrane
Recently, itwas shown thatAtgproteinspresent at thePASshowa
differential distribution reflecting their rolesduringexpansionof the
isolation membrane. Atg5 labels the whole isolation membrane
and Atg9 is found at its edges, whereas Atg14 remains at the vac-
uole-isolation membrane contact site (VICS) (Suzuki et al., 2013).
To test whether ERMES participates at a specific step of isolation
membrane formation, we compared the behavior of functional
GFP-tagged Atg5, Atg9, and Atg14 in WT and Dmmm1 cells. We
found that all three components colocalized with Mmm1-ERFP
(Figure 4A) and typically formed a single spot on mitochondria in
WT cells (Figures 4B–4D, upper panels). The localization of
Atg14-GFP was not altered in Dmmm1 (Figure 4B), suggesting
that formation of the VICS in the vicinity of mitochondria does
not depend on ERMES. Consistent with this observation, colocal-
ization of GFP-Atg8 with ERFP-Atg32 was not affected in ERMES(D) Cells were cultured and starved for 1 day as in (B) and cell lysates were analy
(E) Strains expressing mtRosella and carrying an empty vector, MCP1, or MCP2
mitochondrial morphology was scored.
(F) Strains expressing mtRosella and carrying an empty vector, MCP1, or MCP2
(G) Strains expressing mtRosella and chiMERA or a vector control were starved
In (B) and (E)–(G), data represent the mean of triplicate experiments + SD with at
differences (*p < 5%; two-tailed Student’s t test).
See also Figure S1.
Developmmutants (FigureS2A), suggesting that ERMES is required at a rela-
tively late step of mitophagy. Strikingly, the staining patterns of
Atg5-GFP and Atg9-GFP were strongly affected by deletion of
theMMM1gene. These proteins, which label the growing isolation
membrane, are normally present in one to two spots in WT cells
and were seen to form numerous punctae in mutant cells (Figures
4C–4E), suggesting that surplus intermediates of immature mito-
phagophores accumulate. In the case of Atg9-GFP, some labeled
structures appeared to be wrapped around aberrant Dmmm1
mitochondria (Figure 4D). Strikingly, the accumulation of aberrant
Atg5-GFP spots could be rescued by chiMERA expression in
Dmmm1 (Figures 4F and 4G), but not by MCP1 overexpression
(Figure S2B). This shows that mitochondrial ER tethering rather
than tubular mitochondrial morphology is required for normal
behavior of Atg5. These results suggest that ERMES functions at
the stage of isolation membrane expansion (Figure 4H).zed by western blotting with anti-GFP antibodies.
overexpression (OE) plasmids were grown to logarithmic growth phase, and
overexpression plasmids were analyzed as in (B) after 1 day of starvation.
for 2 days, and mitophagy was scored using mtRosella.
least 100 cells per experiment. Asterisks in (G) indicate statistically significant
ental Cell 28, 450–458, February 24, 2014 ª2014 Elsevier Inc. 453
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Figure 3. ERMES Is Present at Sites of Mitophagosome Biogenesis
(A) Dmmm1 cells expressing GFP-Atg8 and Mmm1-ERFP from their endogenous promoters were starved for 1 hr, and association of Mmm1-ERFP with GFP-
Atg8 patches (upper panel), isolation membranes (IM, middle panel), and mature autophagosomes (AP, lower panel) was analyzed by fluorescence microscopy.
Scale bars represent 5 mm (main images); 1 mm (insets).
(B) Cells from (A) were scored for association of Mmm1-ERFP with GFP-Atg8 patches or IMs and APs, respectively. Data represent the mean of triplicate
experiments + SD (n = 194 cells).
(C) Dmmm1 cells expressing GFP-Atg8 and Mmm1-ERFP from their endogenous promoters were starved for 1 hr, and the vacuole was stained with CellTracker
Blue CMAC. Scale bars represent 5 mm (main images); 1 mm (insets).
(D) Cells expressing Mmm1-ERFP from its endogenous promoter and GFP-Atg32 from theMET25 promoter were cultured in minimal medium containing 10mg/l
methionine to logarithmic growth phase, starved for 2 hr, and analyzed by fluorescence microscopy. Arrows mark the site of colocalization.
(E) Datg32 cells expressing GFP targeted to the ER (GFP-HDEL) and ERFP-Atg32 expressed from theMET25 promoter were analyzed as in (D). Arrows mark the
site of colocalization.
(F) Datg1 cells expressing the indicated proteins for BiFC (YC, C-terminal fragment of YFP; YN, N-terminal fragment of YFP) were starved for 3–4 hr and analyzed
by fluorescence microscopy.
(G) Datg1 cells expressing Mmm1-YC, YN-Atg8, and mitochondria-targeted RFP (mtRFP) were cultured as in (F) and analyzed by fluorescence microscopy.
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Figure 4. Assembly of Late Atg Proteins Is Disturbed in Dmmm1
(A) Dmmm1 cells expressingMmm1-ERFP and Atg5-GFP, Atg9-GFP, or Atg14-GFPwere starved for 1.5 hr and analyzed by fluorescence microscopy. Scale bar
represents 5 mm.
(B–D) Strains expressing mtRFP and Atg14-GFP, Atg5-GFP, or Atg9-GFP were analyzed as in (A).
(E) Cells from (C) were scored for Atg5-GFP dots per cell in cells that showed at least one dot. Data represent the mean of at least 150 cells per strain + SD.
(F) Cells expressing Atg5-GFP and chiMERA or an empty vector (ctrl) were analyzed as in (A).
(legend continued on next page)
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Role of ERMES in MitophagyA recent study reported that mitochondrial fission by the dyna-
min-related protein Dnm1 is important for progression ofmitoph-
agy, presumably because fission has to separate small pieces
from the mitochondrial network that can be engulfed by auto-
phagosomes (Mao et al., 2013). The authors of this study noticed
that the ERMES subunits Mdm12 and Mdm34 colocalize with
Atg32 and Atg11. They suggested that ERMES is present at
the sites of mitophagy because it is known to cooperate with
Dnm1 in mitochondrial fission (Murley et al., 2013). This promp-
ted us to test whether defective mitochondrial fission causes the
accumulation of multiple Atg5-GFP punctae. This was not the
case, because Ddnm1 cells typically contained a single Atg5-
GFP spot associated to their giant, interconnectedmitochondrial
net (Figure 4C). Quantification of these data showed that the
number of Atg5-GFP punctae is significantly increased in
Dmmm1, but not affected in Ddnm1, in comparison to WT (Fig-
ure 4E). We propose that aberrant localization of Atg5 and
Atg9 in Dmmm1 cells is due to loss of a specific and direct
function of ERMES in mitochondrial ER tethering rather than
defective mitochondrial fission.
DISCUSSION
What is the role of ERMES in mitophagy? Several lines of evi-
dence suggest that it is required at a rather late step. First,
assembly of the PAS, as visualized by Atg14-GFP, does not
appear to be disturbed in Dmmm1. Second, interaction of
Atg32 with Atg8, a step that is downstream of cargo recogni-
tion, does not require ERMES. Third, our results suggest that
Mmm1 is in proximity to Atg8, the Atg protein that is considered
the most downstream marker arriving at the PAS (Stanley et al.,
2013). The origin of the membrane material required for growth
of the isolation membrane is currently a matter of debate; how-
ever, there is mounting evidence for a role of the ER (Tooze and
Yoshimori, 2010; Mizushima et al., 2011; Reggiori and Klionsky,
2013). For example, yeast mutants with defects in early steps of
the secretory pathway exhibit defects in autophagy (Ishihara
et al., 2001; Reggiori et al., 2004); the Rab GTPase Ypt1, which
is involved in ER-Golgi traffic, also plays a specific role in auto-
phagy (Lynch-Day et al., 2010); and early steps of autophago-
some formation take place at ER exit sites, specialized regions
where secretory vesicles leave the ER (Graef et al., 2013; Suzuki
et al., 2013). Conceivably, isolation membranes that have to
engulf a rather large cargo, such as a mitochondrion, rely on
an efficient supply of membrane material. Thus, our observa-
tions are suggestive of a model in which ERMES acts as a
tether connecting the mitochondrion destined for degradation
with the ER and the growing isolation membrane, thereby
ensuring efficient supply of ER-derived membrane material for
isolation membrane expansion (Figure 4H). This model is sup-
ported by the following observations. First, a synthetic mito-
chondria-ER tether largely rescues the mitophagy defect in
ERMES mutants. This is likely due to an improvement of the(G) Cells from (F) were analyzed as in (E). Data represent the mean of at least 75
(H) Schematic model of the role of the ERMES complex during mitophagosome b
depicted with a dashed line. 9, Atg9; 14, Atg14; PAS, phagophore assembly site
In (E) and (G), asterisks indicate statistically significant differences (***p < 0.05%
See also Figure S2.
456 Developmental Cell 28, 450–458, February 24, 2014 ª2014 Elsevdelivery of membrane material to the site of mitophagosome
formation by chiMERA. Second, BiFC experiments suggest
proximity between Mmm1 and Atg8. This observation points
to a role of ERMES in the recruitment of expanding mitophago-
somes to ER-mitochondria contact sites. Third, aberrant Atg5-
and Atg9-containing structures accumulate in the absence of
Mmm1. Conceivably, the latter effect is caused by initiation of
multiple mitophagosomes that would be rapidly turned over in
WT cells but accumulate in ERMES mutants because they
cannot complete maturation, possibly because of an insufficient
supply of membrane material. It should be noted that in this
model, the role of ERMES is transfer of lipids from the ER to
the isolation membrane rather than the mitochondrial outer
membrane. Our results are compatible with an additional role
of ERMES in facilitating mitophagy-specific Dnm1-mediated
division, as suggested by Mao et al. (2013). However, we pro-
pose that the main function of ERMES in mitophagy is the
establishment of mitochondrial-ER contacts at the sites of mito-
phagosome formation.
Recent studies revealed the importance of mitochondrial-ER
contacts for general autophagy in mammalian cells and point
to a cooperation of both organelles in the supply of lipids for
growth of the isolation membrane (Hailey et al., 2010; Hamasaki
et al., 2013). Different proteins were suggested to contribute to
the establishment of autophagy-promoting contact sites. These
include Mfn2 (Hailey et al., 2010; Hamasaki et al., 2013), a mito-
fusin previously shown to establish mitochondrial contacts with
the ER in mammals (de Brito and Scorrano, 2008), and phospho-
furin acidic cluster sorting protein-2 (PACS-2) (Hamasaki et al.,
2013), a cytosolic protein implicated in ER-mitochondria
communication (Simmen et al., 2005). It is currently not known
whether these components cooperate with each other or func-
tion in redundant or cell-type-specific pathways. We propose
here that ERMES exerts an analogous function in mitophagy in
yeast. Our model does not exclude the possibility that mitochon-
drial-ER contacts in yeast also contribute to a minor extent to
other forms of autophagy. Furthermore, it is not clear whether
membrane lipids derived from mitochondria are required for
isolation membrane expansion in yeast. We expect that the
identification of ERMES as a key player in this process and the
genetic and experimental advantages of yeast will promote
further elucidation of the role of mitochondrial-ER cooperation
in autophagy in the future.EXPERIMENTAL PROCEDURES
Yeast Strains and Growth Conditions
Growth and manipulation of yeast strains were performed according to
standard procedures. For starvation experiments, strains were cultured in a
synthetic medium containing galactose (2%), raffinose (2%), and glucose
(0.1%) (SGalRD). Starvationwas carried out in SD-N (see Supplemental Exper-
imental Procedures). Yeast deletion mutants were taken from the yeast dele-
tion collection (Giaever et al., 2002) and were isogenic to BY4742 with the
exception of Dmmm1 (Dimmer et al., 2005), which was isogenic to YPH500cells per strain + SD.
iogenesis. The putative flux of lipids from the ER to the isolation membrane is
.
; n. s., not significant, two-tailed Student’s t test).
ier Inc.
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Role of ERMES in Mitophagyin Figures 3A–3C. Details of strain constructions are described in Supple-
mental Experimental Procedures.
Screening for Mitophagy Defects
After transformation of a collection of respiratory-deficient mutants (Merz and
Westermann, 2009) with plasmid pAS1NB-CS-RG (Rosado et al., 2008), mu-
tants as well as WT and Datg32 cells were cultured in 200 ml SGalRD (0.67%
yeast nitrogen base with ammonium sulfate and without amino acids, 2%
galactose, 2% raffinose, and 0.1%glucose supplementedwith adenine, lysine,
methionine, tryptophan, histidine, anduracil) overnight (30C,280 rpm) in deep-
well plates (96 format). After additionof 300ml additionalmediumandgrowth for
6 hr, cells were washed four times with 500 ml water and resuspended in 300 ml
SD-N (0.17% yeast nitrogen base without amino acids and without ammonium
sulfate, 2% glucose without further supplements). After starvation for 2 days in
SD-N (30C, 280 rpm), the fraction of cells exhibiting red fluorescence in the
vacuole in the absence of green fluorescence was determined by fluorescence
microscopy in at least 100 cells per strain. Quantification of vacuolar fluores-
cence was reproduced at least once per strain. From these values, the mean
mitophagy rate was calculated for each strain (Figure 1A; Table S1).
Microscopy
Epifluorescence microscopy was performed using an Axioplan 2 or an Axio-
phot microscope (Carl Zeiss Lichtmikroskopie) equipped with an Evolution
VF Mono Cooled monochrome camera (Intas) with Image ProPlus 5.0 and
Scope Pro4.5 software (Media Cybernetics) or a Leica DCF360FX Camera
with Leica LAF AF Version 2.2.1 software (Leica Microsystems), respectively.
Images were acquired using a Plan Neofluar 1003/1.30 Ph3 oil objective
(Carl Zeiss). Image manipulations other than adjustments of brightness and
contrast were not performed. If not indicated otherwise in the figure legends,
quantification of microscopy data was performed by calculating the mean
and SD of triplicate experiments with at least 100 cells per experiment. Statis-
tical significance was calculated by two-tailed Student’s t test.
Preparation of Cell Extracts and Western Blotting
Yeast cells were incubated in 0.1 M NaOH for 10 min at ambient temperature,
pelleted, and boiled in SDS sample buffer. Samples were subjected to SDS-
PAGE and western blotting according to standard procedures.
Staining of the Vacuole
Cells were incubated with 10 mM CellTracker Blue CMAC for 30 min at 30C,
washed four times with water, and resuspended in SD-N for live cell
microscopy.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
two figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.devcel.2014.01.012.
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